The posteromedial quadrant of the radial head is known to be different from the other quadrants. However, the explanation of this unique anatomical feature remains elusive. Hence, this study was designed to address this unique anatomical variance using three-dimensional lCT (micro-computed tomography) analysis. Nine fresh cadaveric radial heads were scanned using lCT. Three-dimensional subchondral bone and cartilage models were rendered. Both models were separated into the four quadrants at both the periphery (rim) and the articulating dish (fovea): anteromedial (AM), posteromedial (PM), posterolateral (PL), and anterolateral (AL). Each quadrant was analyzed in terms of (1) subchondral bone porosity (SBP), (2) mean subchondral bone thickness (MSBT), and (3) mean cartilage thickness (MCT). There was a significant difference between the fovea and the rim in terms of its microarchitectural features. Although within the fovea, the PM quadrant did not differ significantly from the other quadrants, a significant difference was found within the rim. In terms of SBP, PM, AM, PL and AL were calculated as 33, 37, 36 and 35%, respectively. In terms of MSBT, PM, AM, PL and AL were calculated as 0.11, 0.10, 0.09, and 0.09 mm, respectively. In terms of MCT, PM, AM, PL and AL were calculated 1.09, 0.81, 0.84 and 0.83 mm, respectively. The PM corner of the radial head between the 8 and 9 o'clock positions, was beveled. This might explain why the PM quadrant of the rim differed significantly from the other quadrants in terms of its microarchitectural features.
Introduction
The gross anatomy of the radial head has been well documented in the literature (Caputo et al. 1998; King et al. 2001; Swieszkowski et al. 2001; Captier et al. 2002; van Riet et al. 2003; Van Riet et al. 2004; Popovic et al. 2005; Koslowsky et al. 2007; Jeon et al. 2012; Kang et al. 2015) . However, the microstructural characteristics of the radial head were not evident. Only a few studies have reported the microarchitectural features of the radial head (Gordon et al. 2003; Gebauer et al. 2010; Haverstock et al. 2012) . Some authors reported that the posteromedial corner of the radial head has a unique anatomical variance (Jeon et al. 2012; Bachman et al. 2015) . However, to our knowledge, to date, no studies have succeeded in visualizing it.
Two studies have analyzed the computed tomography (CT) images of the radial head (Haverstock et al. 2012; Yeung et al. 2015) . They revealed that the posteromedial (PM) quadrant of the radial head had thicker cartilage, greater bone density, and greater volume compared with other radial head quadrants. However, those authors did not clarify why the PM quadrant differed from the other quadrants. Thus, the question remains open: what does the PM quadrant of the radial head imply?
Literature noted that the radial head comes in contact with capitellum at the articulating dish (i.e. fovea) as well as with the zona conoidea at the periphery (i.e. rim; Jeon et al. 2012) . A recent biomechanical study found that the contact between the radial head and the lateral trochlear ridge might play an important role in distributing the contact pressure along the radial head surface (Bachman et al. 2015) . However, there was no concrete evidence in the literature that clarified whether there was a significant difference between the fovea and the rim in terms of its microarchitectural features.
This study was therefore designed to comprehensively analyze the radial head using the 3D model derived from a micro-computed tomography (lCT) scanner. We hypothesized: (i) there would be a significant difference between the fovea and the rim of the radial head in terms of its microarchitectural features, (ii) the PM quadrant of the fovea of the radial head would not differ significantly from the other quadrants, and (iii) the PM quadrant of the rim of the radial head would differ significantly from the other quadrants.
Materials and methods
Twelve frozen cadaveric arms were garnered from six human cadavers (five females and one male), with the mean age at death of 77 years (range 70-83 years). The specimens were thawed for 24 h at room temperature. Prior to the dissection, each arm was scanned using CT scanner.
The skin and surrounding soft tissues were removed, and the radial heads were harvested at the standardized cutting location, which was at the articular border between the radial head and the radial neck. Of 12 cadaveric arms, three arms with evidence of previous injury or arthritis change were excluded. A total of nine frozen cadaveric arms were analyzed using a micro-CT scanner.
The nine radial heads were scanned using microCT scanner (SkyScan 1176, Bruker microCT, Bruker Corp., Billerica, MA, USA) at 18 lm pixel resolution. The microCT serial images were reconstructed into 16-bit tag image file format (TIFF) using the scanner associated software (NRECON ver.1.6.9.18, SkyScan, Bruker microCT, Bruker Corp.). These serial images were then converted into a digital imaging and communications in medicine (DICOM) format using an image converter software (DICOMCT ver.2.1, SkyScan, Bruker microCT, Bruker Corp.). These serial DICOM images were then imported to the in-house computer-aided design (CAD) software to construct and to visualize the 3D models of each radial head, and also for further analysis.
3D reconstruction
Each arm was automatically segmented, and the 3D models were rendered. The subchondral bony microarchitecture was also automatically segmented. We defined the subchondral bone as the bony architecture within a certain depth as measured from the centroid of the radial head fovea bony structure (Fig. 1A) . The depth was resolved at 15% of the radial head diameter because it covered the subchondral bony plate micro-architecture for all the specimens. Afterwards, the 3D models were rendered.
As for the cartilage, the 3D cartilage model was obtained using the Boolean principle by subtracting the 3D whole radial head model with the 3D bone model. Both of them (3D whole radial head and 3D bone models) were rendered based on the segment of interests. The segmentation process was done using the semi-automatic algorithm. The segment of interest was automatically selected based on user's input of several anatomical landmarks (Fig. 1B) . A surface wrapping tool was then used to finalize the 3D models (Yeung et al. 2015) . The following parameters were used to optimize the process: a minimum detail of 0.25 mm, a 2-mm gap closing, 50 iterations, and a smoothing factor of 0.1 (Giles et al. 2015) . This process was carried out twice by two independent investigators to ensure the reliability of the current study methods for all the samples. The time interval between one attempt and the next was 2 weeks.
Standardized coordinate system
Both the 3D subchondral bone and the 3D cartilage models were superimposed on their corresponding 3D arms based on the similarity of their anatomical landmarks as selected by the user. This method was based on the voxel-based registration technique as previously described by Goto et al. (2014b) . Previous works reported that this method was valid with an average rotational error of 0.6 AE 0.5°and an average translational error of 0.7 AE 0.6 mm (Goto et al. 2014a,b) .
The local coordinates system of each model was standardized based on its inertia axes. The inertia x-axis was the axis that divided the C-shape region into two approximately identical regions based on the reports of previous studies (Caputo et al. 1998; Van Riet et al. 2004 ). The inertia y-axis was the longitudinal axis of the proximal radius. This inertia y-axis passed through the centroid of the radial head. The inertia z-axis was the axis that was perpendicular to both the inertia x-and the inertia y-axes ( Fig. 2A) .
Radial head fovea and radial head rim
To separate the radial head rim and the radial head fovea, a bestfitting sphere was automatically created for each 3D model (Shannon et al. 2015) . This best-fitting sphere would mark the articulating dish of the radial head. After that, the Boolean principle was applied; thus, from each model, we obtained the articulating dish area, called the radial head fovea, as well as the periphery area, called the radial head rim. 
Radial head quadrants
Afterwards, we divided this 3D model into four quadrants along its inertia x-and z-axes ( Fig. 2B ; Haverstock et al. 2012; Yeung et al. 2015) . The first quadrant was the anteromedial quadrant (AM). The second quarter was the posteromedial quadrant (PM), the third quarter was the posterolateral quadrant (PL), and the fourth quarter was the anterolateral quadrant (AL).
Analysis
Each 3D subchondral bone model was analyzed in terms of porosity and mean bone thickness. Each 3D cartilage model was analyzed in terms of mean cartilage thickness.
The porosity measured the void spaces in the radial head. The porosity was documented as a fraction of the volume of voids over the total volume, thus, the higher the value was, the more void spaces there were (i.e. lower density).
The cartilage thickness was measured by determining the minimum distance between a certain triangle at the 'outer' surface of the 3D cartilage model and all triangles on the 'inner' surface of the 3D cartilage model (i.e. the surface of the bone (in mm); Fig. 3 ; Yeung et al. 2015) .
Intraclass correlation coefficients (ICC) were calculated to determine inter-and intra-observer reliability of the semi-automatic algorithm in segmenting the radial head. Student's paired t-test was also performed to test the significant difference between the radial head fovea and the radial head rim in terms of the microarchitectural features. To test the significant difference among the quadrants, an ANOVA test was performed followed by post hoc Tukey's honest significance difference test if a significant difference was found. The significance level was set at 0.05. A custom code written in PYTHON programming language was used to perform all the statistical tests.
Results

Reliability test
Both inter-and intra-observer reliability tests showed excellent consistencies of the semi-automatic segmenting algorithm. Inter-observer reliability had an ICC of 0.999 (95% confidence interval: 0.897-1.000). Intra-observer reliability also had ICC of 0.999 (95% confidence interval: 0.995-1.000).
Radial head fovea vs. radial head rim
The radial head fovea had a significantly greater bone density compared with the radial head rim (P = 0.000). On the other hand, the radial head rim had a significantly thicker mean cartilage thickness compared with the radial head fovea (P = 0.010). Nonetheless, there was no significant difference between the fovea and the rim in terms of mean subchondral bone thickness (P = 0.058). There was thus a significant difference between the fovea and the rim in terms of its microarchitectural features (P = 0.000). Table 1 summarizes the results.
Posteromedial quadrant of radial head fovea
In terms of bone density and mean subchondral bone thickness, there was no significant difference among the radial head fovea quadrants (bone density P = 0.892 and mean subchondral bone thickness P = 0.239). In terms of mean cartilage thickness, the posteromedial (PM), anteromedial (AM), posterolateral (PL), and anterolateral (AL) mean cartilage thicknesses were calculated as 0.77 AE 0.18, 0.68 AE 0.16, 0.65 AE 0.13, and 0.71 AE 0.15 mm, respectively, with no significant difference found (P = 0.388). The results are summarized in Table 2 .
Posteromedial quadrant of radial head rim
At the posteromedial (PM) periphery of the radial head, the mean subchondral bony micro-architecture thickness was calculated 0.11 AE 0.01 mm; it was significantly thicker than that of the other quadrants. In terms of its porosity, the PM quadrant of the radial head rim had also a greater bone density compared with that of the AM and PL quadrants. Moreover, the mean cartilage thickness at the PM quadrant was also significantly thicker compared with the other quadrants. The results and the statistical analysis are recapitulated in Fig. 4 and Table 3, respectively. 
Beveled rim at the posteromedial quadrant
Of the nine radial heads that we observed, we found that within the posteromedial cartilage the thickest cartilage area was always located at a certain area with a unique shape. The shape of this corner was beveled (Fig. 5) , and therefore we called it the beveled PM corner of the radial head. These results implied that the radial head contacted with capitellum as well as with the zona conoidea (i.e. Fig. 3 Illustration how the algorithm works in measuring of the cartilage thickness. The white line with double arrowheads denotes the minimum distance between a certain triangle on the 'outer' surface of the 3D cartilage and a certain triangle on the 'inner' surface of the 3D cartilage. A red dashed line indicates the border between the rim and the fovea. Red arrows point to the bone density at the fovea area, and yellow arrows indicate the bone density at the rim area. Light green lines show the beveled PM corner of the radial head. lateral trochlear ridge), as noted in the literature (Jeon et al. 2012; Bachman et al. 2015) .
Discussion
Using a more sophisticated imaging modality as compared with that of prior studies, we were able to further visualize and analyze the microarchitectural features of the radial head. Thus, we arrived at the following findings: (i) there was a significant difference between radial head fovea and radial head rim, (ii) there was no significant difference among the radial head fovea quadrants, (iii) the posteromedial quadrant of the radial head rim differed significantly from the other quadrants, (iv) the beveled corner of the radial head existed on the posteromedial quadrant of the radial head (Fig. 5 ) and (v) more specifically, it was located between the 8 and 9 o'clock positions (Fig. 6 ).
To the authors' knowledge, the current study is the first study that (i) analyzed the radial head micro-anatomy using 3D lCT as the imaging modality, and (ii) succeeded in visualizing clearly the beveled radial head. This imaging modality has some advantages over the conventional 3D computed tomography (CT). It gives a better resolution (slice thickness produced by CT scanner vs. by lCT scanner: 0.625 vs. 0.018 mm), allowing the beveled rim to be visualized clearly, which prior studies failed to do (Haverstock et al. 2012; Yeung et al. 2015) . 3D lCT also allows better quantification of the bone density (or bone porosity), since this is quantified based on the volume and not on the Hounsfield Unit (HU) value of a certain area. Finally, the method is reproducible and reliable.
The unique anatomy on the PM quadrant of the radial head has been hypothesized and analyzed in various studies (Goodfellow & Bullough, 1967; Haverstock et al. 2012; Jeon et al. 2012; Bachman et al. 2015; Yeung et al. 2015) . Jeon and his associates hypothesized that the PM corner of the radial head was beveled (Jeon et al. 2012) . They also reported that this beveled radial head contacted with the zona conoidea (i.e. lateral trochlear ridge) during the forearm pronation-supination as well as elbow flexion-extension. However, because of the nature of the gross anatomy study, the reliability of their findings was questioned. The current study confirmed that the PM corner of the radial head was beveled, and the bevel was clearly visualized in microscopic resolution. Future study using a finite element method would extend the findings of the current study by incorporating the distal humerus, and the contact between the beveled PM corner of the radial head and the zona conoidea could then be analyzed for various forearm rotational angles at the various elbow flexion angles. Bachman et al. (2015) also revealed that there was indeed a contact between the radial head and the zona conoidea. The authors hypothesized that the articulation between the radial head and the zona conoidea (i.e. lateral trochlear ridge) could help distribute the contact pressure along the There is a significant difference among the quadrants in terms of bone porosity (P = 0.016). (B) There is a significant difference among the quadrants in terms of mean subchondral bone thickness (P = 0.000). (C) There is a significant difference among the quadrants in terms of mean cartilage thickness (P = 0.005). radial head surface more evenly. The authors believed that their findings could be beneficial for improving the design of the radial head prostheses, since none of the radial head implants available in the market addresses the articulation between the radial head and the zona conoidea. Bachman et al. (2015) reached their conclusions after observing the effect of various radial head implant designs on the contact area and the contact pressure within the radiocapitellar joint and within the radial head and the lateral trochlear ridge. The authors hypothesized that the implant with less contact pressure within the radiocapittelar joint had less potential to cause capitellar erosion or arthritic change, and thus might lead to fewer complications, as previously reported (Sahu et al. 2014 ). According to their results, none of the commercially available radial head implants to date could mimick the native radial head in terms of the joint contact mechanics. Interestingly, the prototype implant no. 2 design (in this radial head prosthesis there is direct contact between the radial head and the lateral trochlear ridge) was the only design for which the contact area or mean contact pressure did not differ statistically from that of the native radial head. Based on these findings, they opined that the probable explanation for the improved results was the distribution of contact between the radial head implant with the lateral trochlear ridge.
This might explain why 33-70% of patients reported on in previous studies had capittelar erosions or arthritic changes; the currently available prosthetic radial head in the market has a significantly smaller contact area, thus producing higher contact pressure (Smets et al. 2000; Shore et al. 2008; van Riet et al. 2010; Flinkkila et al. 2012) . High contact pressure is believed to potentially damage the cartilage. From our daily clinical perspective, the erosion at the lateral trochlear ridge was also a common finding in patients with radial head prostheses. With the current understanding of the elbow joint, we opined that the erosion occurred because the design of the radial head prosthesis did not take into account the beveled rim of the native radial head; thus, during elbow motion, it damaged the lateral trochlear ridge. Nevertheless, whether the implant design significantly affects the joint contact mechanics within the radiocapitellar joint is still a subject of debate. Shannon et al. (2015) implied that the radial head implant design might not be important with respect to radiocapitellar joint contact mechanics. They noted that the stem positioning was the reason why contact area was decreased after performing radial head arthroplasty. Further, they noted that the material used for producing the implant might result in high stiffness as compared with that in vivo and thus was likely to result in the general decrease in contact area. Haverstock et al. (2012) noted that the posteromedial quadrant had significantly greater bone density and bone volume than found in the other quadrants. However, the authors did not divide the radial head quadrants into the fovea and the rim. Our results suggested that within the fovea, the bone density did not differ significantly among the quadrants. The mean subchondral bone thickness was not significantly different between the PM quadrant and the other quadrants within the fovea. Nevertheless, at the periphery or within the radial head rim, the PM quadrant had significantly greater bone density compared with the anteromedial quadrant (P < 0.05) and compared with the posterolateral quadrant (P < 0.05). Moreover, the PM quadrant also had significantly greater mean bone thickness compared with the other quadrants. Hence, we both agreed and disagreed at the same time with the prior study results. It depends on whether we look at the fovea or at the rim. Yeung et al. (2015) reported that the regional variations in cartilage thickness were present around the periphery and within the articular dish of the radial head. Further, the authors found that cartilage was thickest in the posteromedial region at the periphery of the radial head. In agreement with this study, the current study found that the cartilage thickness was distributed progressively from the centroid of the articulating dish to the periphery, with the centroid of the articulating dish (i.e. fovea) was being the thinnest and the posteromedial rim was being the thickest. However, the prior study did not mention anything about the beveled PM corner. The different resolution and the type of the imaging modality might explain this discrepancy. The prior study used a CT scanner with 0.625 mm slice thickness to reconstruct the 3D models from the embalmed radii. In contrast, the current study used a lCT scanner with 18 lm slice thickness (equivalent to 0.018 mm, or approximately 35 times thinner than prior study) to reconstruct the 3D models from fresh cadaveric radial heads. Therefore, the beveled PM corner could be visualized and analyzed clearly. Moreover, this elucidates why the PM quadrant of the radial head rim cartilage is the thickest, because it turns out that the beveled corner is only present within the PM quadrant of the radial head rim.
Beside all the aforementioned limitations, the current study has several other limitations. The sample size of nine specimens has 60% power. To reach a power of at least 80%, 14 samples are required. Secondly, the specimens observed in the current study were predominately female; only two specimens (from one cadaver) were male. In addition, the advanced age of the specimens may represent a limitation of the current study. Lastly, we could not extend our work to analyze the other characteristics, such as biomechanical properties and biological properties.
Despite these limitations, the current study is of clinical importance for the improvement of the current radial head prosthetic design. Moreover, other disciplines, such as tissue engineering, could also take advantage of the results derived from the current study for ameliorating the radial head scaffold in the future.
Conclusions
The radial head fovea had significantly different microarchitectural features from those of the radial head rim. Within the radial head fovea, there was no significant difference among the quadrants. On the other hand, the PM quadrant of radial head rim differed significantly from the other quadrants in terms of the microarchitectural features of the subchondral bone and the cartilage of the radial head.
Further, the current study found that the PM corner of the radial head was beveled. The beveled PM corner was located in between the 8 and 9 o'clock positions. The observations and information from the current study may improve the design of anatomic radial head prostheses.
